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ABSTRACT: Microsatellite instability (MSI) analysis, random-amplified 28 
polymorphic DNA (RAPD), and methylation-sensitive arbitrarily primed PCR 29 
(MSAP-PCR) are methods to evaluate the toxicity of environmental pollutants 30 
in stress-treated plants and human cancer cells. Here, we evaluate these 31 
techniques to screen for genetic and epigenetic alterations of Arabidopsis 32 
plantlets exposed to 0-5.0 mg·L-1  cadmium (Cd) for 15 d. There was a 33 
substantial increase in RAPD polymorphism of 24.5, and in genomic 34 
methylation polymorphism of 30.5-34.5 at CpG and of 14.5-20 at CHG 35 
sites  under Cd stress of 5.0 mg·L-1 by RAPD and of 0.25-5.0 mg·L-1 by 36 
MSAP-PCR, respectively. However, only a  tiny increase of 1.5 loci by RAPD 37 
occurred under Cd stress of 4.0 mg·L-1, and an additional high dose (8.0 38 
mg·L-1) resulted in one repeat by MSI analysis. MSAP-PCR has detected the 39 
most significant epigenetic modifications in plantlets exposed to Cd stress, and 40 
the patterns of hypermethylation and polymorphisms were consistent 41 
witheffectsmanifest the inverted U-shaped dose responses. The presence of 42 
genomic methylation polymorphism in Cd-treated seedlings, prior to the onset 43 
of RAPD polymorphism, MSI and obvious growth effects, suggests that these 44 
altered DNA methylation loci are the most sensitive biomarkers for early 45 
diagnosis and risk assessment of genotoxic effects of Cd pollution in 46 
ecotoxicology. 47 
48 
Keywords: Microsatellite instability, Random-amplified polymorphic DNA, 49 
Methylation-sensitive arbitrarily primed PCR, Cadmium, Arabidopsis thaliana 50 
51 
1. Introduction52 
53 
Environmental contamination with heavy metals has drastically increased 54 
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substantially over the past decades, which has aroused attention from 55 
numerous researchers responsible for contamination diagnosis, environmental 56 
protection and ecological remediation. Cd, as one of the most highly toxic and 57 
accumulative heavy metals, has contaminated soils and water through 58 
atmospheric deposition, urban-industrial activities and agricultural practices 59 
(Sun et al., 2008; Liu et al., 2011). Thus, the exploration of Cd toxicity, 60 
especially its genotoxic effects of Cd, has become a focus in ecotoxicology 61 
research (Herbette et al., 2006; Azevedo et al., 2007; Greco et al., 2012; 62 
Pierron et al., 2014).  63 
Several classic assays have been applied to examine the genotoxic 64 
effects of heavy metals on organisms, e.g. the micronucleus assay and the 65 
comet assay. However, neither is sensitive enough to determine the Cd 66 
contamination level or able to provide information at the DNA level (Cambier et 67 
al., 2010). With the rapid development of molecular biology, several 68 
PCR-based techniques have been used to evaluate DNA damage in toxicology 69 
studies. Random-amplified polymorphic DNA (RAPD) comprisesinvolves the 70 
use of a single “arbitrary” primer in a PCR reaction and results in the 71 
amplification of several discrete DNA products (Welsh and McClelland, 1990; 72 
Williams et al., 1990). RAPD has been used extensively in eco-toxicology 73 
studies on animals and humans (Misra et al., 2001; Singh and Roy, 2001,2004; 74 
Garnis et al., 2005). Recently, RAPD technique has been used in plant 75 
eco-toxicology studies, detecting genetic variation and mutation induced by 76 
stresses (Miki et al., 2001; Liu et al., 2005; 2007; Chao et al., 2008; 2009; 2012; 77 
Gjorgieva et al., 2013; Malar et al., 2014). RAPD analysis is extremely efficient 78 
for DNA analysis in complex genomes. Its use in investigating genomic DNA to 79 
detect different kinds of DNA damage and mutations suggests that RAPD can 80 
potentially form the basis of novel biomarker assays for the detection of DNA 81 
damage and mutations (Lopez-Moreno et al., 2010; Korpe and Aras, 2011). 82 
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Regarding DNA repair, Cd suppresses both eukaryotic MutS homolog 83 
(MSH)2-MSH6- and MSH2-MSH3-dependent mismatch repair (MMR) activity 84 
through a nonspecific mechanism wherebyinvolving binding of Cd binds to 85 
multiple sites in MSH6 (Banerjee and Flores-Rozas, 2005; Wieland et al., 2009; 86 
Li et al., 2013). Loss or low activity of MMR proteins results in losses and gains 87 
of dinucleotide repeats in microsatellites, also known as simple sequence 88 
repeats (SSRs), leading to microsatellite instability (MSI). Previously, MSI was 89 
found at two “hotspots” of microsatellite mutation in mice by analysis of a panel 90 
of microsatellite markers under Cd stress (Oliveira et al., 2012; Du et al., 2014). 91 
Also, there were some reports that SSRs mutations canould be promoted by 92 
heavy metals, e.g. Lead, Chromium and Cd (Rodriguez et al., 2013a; 93 
Rodriguez et al., 2013b; Du et al., 2014). Monteiro et al. (Monteiro et al., 2009) 94 
demonstrated that SSR analyses could be used to evaluate plant genomic 95 
DNA instability for deciphering DNA damage induced by Cd in a genotoxicity 96 
test. Thus, MSI can be considered as a biomarker of high risk for human 97 
cancer and for the assessment of different genotoxic effects of pollutants on 98 
plants, respectively (Kovalchuk et al., 2000; Soreide et al., 2006). However, 99 
little information is available about microsatellite mutations in Arabidopsis 100 
under Cd stress. 101 
Higher plants can rapidly adapt in response to stresses, but this can lead 102 
to genome instability and changes in DNA methylation patterns throughout the 103 
genome and at specific loci of DNA (Boyko et al., 2010; Chatterjee and Vinson, 104 
2012). For example, plants employ important and sophisticated epigenetic 105 
regulatory strategies, such as DNA methylation, to maintain genomic plasticity. 106 
This, allowsing the simultaneous regulation of many genes involved in plant 107 
defense and in facilitating relatively rapid adaptation to new internal and 108 
environmental stress conditions without changesing in the DNA sequence 109 
(Steward et al., 2002; Santoyo et al., 2011). The genomic DNA 110 
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hypermethylation pattern iswas found to be correlated with water deficit in pea 111 
(Pisum sativum L.), pathogen stress in tobacco (Nicotiana tabacum), 112 
radioactive contamination in Pinus silvestris, salt, UVC, cold, heat and flood 113 
stresses in Arabidopsis, and chromium stress in Brassica napus, respectively 114 
(Labra et al., 2002; Kovalchuk et al., 2003; Labra et al., 2004; Boyko et al., 115 
2007; Mason et al., 2008). Also, DNA hypomethylation at several genomic loci 116 
occurred in response to heavy metal stress in hemp and clover, to pathogen 117 
stress in tobacco (Nicotiana tabacum), and to cold treatment in nucleosome 118 
core regions of maize (Zea mays) seedlings (Steward et al., 2002; Aina et al., 119 
2004; Boyko et al., 2007). Potentially, global DNA hypomethylation is often 120 
viewed as a sign of genomic instability, which manifests as gross chromosomal 121 
aberrations, genome rearrangement, MSI, deletions/insertions, and point 122 
mutations, thus facilitating gene divergence and evolution of novel gene 123 
functions (Boyko et al., 2007; Duan et al., 2013; Harris et al., 2013).  124 
Huang et al. (Huang et al., 2012) reported that tumor cells usually exhibit 125 
diverse patterns of DNA methylation, and that the CpG dinucleotide at any 126 
given site of genomic DNA might differ in methylation status among 127 
subpopulations of tumor cells, reflecting the heterogeneity and decreased 128 
epigenetic fidelity of cancer cells. Thus, CpG dinucleotides are also called 129 
methylation variable positions (MVPs) in epigenetic studies. Analysis of MVP 130 
profiles might reveal stress-specific methylation patterns, and the methylation 131 
frequency at any given MVPs could serve as a novel epigenetic biomarker for 132 
physiological and pathologic status (Huang et al., 2012; Kit et al., 2012). 133 
Moreover, minimal traces/differences of aberrant methylation profiles in blood 134 
DNA could serve as early surrogate biomarkers for cancer diagnosis and for 135 
risk assessment of PAHs exposure, respectively (Yang et al., 2012; Shin et al., 136 
2013). Similarly, Santoyo et al (2011) reported that actual status of global DNA 137 
methylation in earthworms is apparently affected by the overall effect of 138 
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metals/metalloids undergoing methylation and that this parameter might be 139 
considered as a candidate biomarker of epigenetic risks related to the 140 
presence of the metal elements in terrestrial environments (Santoyo et al., 141 
2011). 142 
Arabidopsis, with its vast resource of mutants, has long been used as a 143 
model dicotyledonous higher plant for studies of plant physiology and plant 144 
molecular biology. However, little information is available about potential 145 
associations between the status of global DNA methylation and genomic 146 
instability such as MSI and RAPD DNA polymorphisms in Arabidopsis 147 
seedlings under Cd stress. Therefore, the principal aims of this work were to (1) 148 
evaluate the extent of genomic instability in Arabidopsis seedlings using a 149 
panel of 36 microsatellite markers and 3 RAPD primers; (2) determine the 150 
status of global DNA methylation by MSAP-PCR in the Arabidopsis genome 151 
under Cd stress; (3) explore potential associations between the actual status 152 
of global DNA methylation and genomic instability such as MSI and RAPD 153 
DNA polymorphisms in Arabidopsis under Cd stress. In-so-doing, we were 154 
able to evaluate the aforementioned parameters as candidate biomarkers for 155 
early diagnosis of genetic and epigenetic risks related to the presence of Cd in 156 
the soil and water environment. 157 
2. Materials and methods158 
2.1 Plant materials, treatment conditions and DNA isolation 159 
Arabidopsis thaliana seeds (Arabidopsis, Columbia ecotype) were 160 
sterilized in dilute bleach solution (bleach with surfactant diluted 1:10 with 161 
water) for 5 min, washed in sterile water and placed in an ethanol mix (ethanol : 162 
water : bleach 7:2:1) for 5 min. Seeds were then rinsed in sterile distilled water 163 
five times and placed in 4 °C for 24-36 h. 164 
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Seeds were sown in sterile flasks supplemented with 150 mL 0.5× liquid 165 
MS medium (SIGMA, USA) including 0.5% (w/v) sucrose (pH5.8), 166 
supplemented with Cd at a final concentration of 0 (the control), 0.25, 1.0, 4.0, 167 
5.0, and 8.0 mg·L-1 (only used in MSI analysis) in the form of CdCl2·2H2O of 168 
analytical grade with purity 99.5%, PR China. Each flask with about 20 169 
plantlets was placed on a rotary shaker at 50 rpm in an incubator (12 h light of 170 
approximately 3000 lx and 12 h dark at 21 ±0.5 °C) for 15 d. All treatments 171 
and analyses performed below were repeated in three independent replicates. 172 
The seed germination rate and growth of the plantlets were measured at 173 
15 d following germination, and then pooled to measure DNA content in 174 
Arabidopsis shoots described in a previous study (Liu et al., 2009). 175 
For MSI, RAPD, and DNA methylation assays, all DNA extractions and 176 
downstream applications were performed on mixed groups using the same 177 
batches of reagents. In addition, the control and Cd-exposed samples were 178 
collected at 15 d of incubation, and snap frozen in liquid nitrogen prior to 179 
storage at -70 ˚C. Genomic DNA from approximately 200-400 mg of fresh 180 
Arabidopsis shoots was extracted respectively using Plant Genomic DNA 181 
Extraction Kit. DNA concentration was examined by Eppendorf Biophotometor 182 
Plus, and then verified by DL2000 DNA marker in a 0.8% agarose gel. All 183 
experimental chemicals were ordered from TaKaRa Biotechnology Ltd. (Dalian, 184 
PR China) unless otherwise mentioned. 185 
2.2 MSI Analysis 186 
46 pairs of SSR primers (Table A.1) were screened in this test for finding 187 
genomic DNA MSI induced by Cd. PCRs were performed in a final volume of 188 
25 μL consisting of 25 ng DNA template, 1 U of Taq polymerase, 1× Taq 189 
reaction buffer, 0.2 mM dNTPs, and 0.25 μM of each primer. The touchdown 190 
PCR conditions used for amplification were as follows: initial denaturation at 191 
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94°C for 5 min; followed by 9 cycles of denaturation at 94°C for 30 s, annealing 192 
at 57°C for 30 s and primer extension for 30 s; the annealing temperature was 193 
subsequently decreased by 0.5°C every second cycle until a ‘touchdown’ at 194 
53°C, at which temperature 26 additional cycles followedwere carried out (35 195 
cycles in total). After the PCR reaction, amplification products were examined 196 
using 8% (w/v) polyacrylamide gel electrophoresis (PAGE) with 7 M urea, 197 
visualized by silver staining method using the Bio Image Analyzer System 198 
(Bio-Rad, Vendor, Italy). To assess MSI, we compared the band pattern 199 
produced after gel electrophoresis of paired PCR reactions containing the 200 
control and Cd-treated DNA. If the control and Cd-treated PCR amplification 201 
products displayed different electrophoretic motilities, the case was scored as 202 
positive for MSI. 203 
2.3 RAPD genetic damage screening 204 
RAPD analysis was performed using 3 primers (Primers 1, 2 and 4) 205 
screened from 12 random primers (Liu et al., 2005). PCRs were performed in 206 
reaction mixtures of 25 μL containing approximately 40 ng of DNA template, 207 
0.5 μM primer, 0.2 mM dNTPs, 1× reaction buffer and 1 U of Taq DNA 208 
polymerase. The RAPD protocol is consisted of an initial denaturing step of 5 209 
min at 94 °C, followed by 35 cycles of denaturation at 94 °C for 60 s, annealing 210 
at 38 °C for 60 s and extension at 72 °C for 90 s, with an additional extension 211 
period of 10 min at 72 °C. PCR products were separated by electrophoresis in 212 
a 5% PAGE (50% urea). Gels were stained using silver nitrate. Images were 213 
digitally captured and the intensity of bands on the gel quantified using Image 214 
Lab (Bio-Rad). 215 
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2.4 Global DNA methylation assay using MSAP-PCR 216 
Global DNA methylation was evaluated by methylation-sensitive arbitrarily 217 
primed PCR (MSAP-PCR). Genomic DNA (1 μg) was digested in CutSmart 218 
buffer with 1μL of HpaII or MspI (NEB, USA) in a 50-μL reaction volume for 1.5 219 
h at 37°C. Digested DNA was purified and collected by Takara MiniBest DNA 220 
Fragment Purification Kit, then was transferred to another 50-μL reaction 221 
containing 1 × EcoRI buffer and 1μL EcoRI, digested for 1.5 h at 37°C. After 222 
purification, digested DNA was used for subsequent PCR reaction performed 223 
as previously published (Gonzalgo et al., 1997). HpaII does not cut DNA if the 224 
internal cytosine of CCGG restriction site is methylated and therefore the 225 
bands generated in the PCR of DNA digested by EcoRI + HpaII lane are 226 
methylated at the internal cytosine. MspI is unable to cut DNA when the 227 
external cytosine in CCGG site is methylated and so the bands generated in 228 
the PCR of DNA digested by EcoRI + MspI are methylated at the external 229 
cytosine. Three primers designed by our lab and MLG2 (Gonzalgo et al., 1997) 230 
were used for methylation assay (Table A.2). And PCR products were resolved 231 
on 5% PAGE with 50% urea. Methods of gel staining and image capture were 232 
the same aswith the above. An increase in band intensity indicates an increase 233 
in methylation. Band intensity was measured to numerically determine the 234 
change in DNA methylation.  235 
2.5 Statistical analyses 236 
Polymorphism frequency of RAPD and MSAP-PCR was calculated from 237 
PAGE results and analyzed in linear graphs using Microsoft Excel. Presence 238 
or absence of a band was counted as one locus in polymorphism frequency, 239 
while a band was calculated as 0.5 locus if its intensity changed ≥ 50% as 240 
compared to the control. The stable polymorphism variation was calculated for 241 
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data statistics exclusively if it occurred simultaneously in at least two 242 
replications, leading to data without variance. 243 
3. Results 244 
3.1 MSI assay using SSRs 245 
MSI was not detected in plantlets exposed to the control and 0.25-5.0 246 
mg·L-1 Cd for 15 d by a panel of 46 SSR primers. However, under an additional 247 
treatment of 8.0 mg·L-1 Cd, replication slipping of one repeat (about 2-3 bp) 248 
was found using SSR primers of BSAT1.001 and BSAT2.012 (Fig. 1). 249 
Moreover, the above replication slipping of three duplicates did appear in 250 
shoots under Cd stress of 8 mg·L-1, suggesting that MSI occurs exclusively 251 
under such a strong stress that remarkably inhibited Arabidopsis growth (Fig. 252 
A.1). 253 
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 254 
Fig. 1 MSI in Arabidopsis seedlings exposed to 0-8.0 mg·L-1 Cd for 15 d. 255 
(A) PAGE profiles amplified by primer BSAT1.001, and (B) by BSAT2.012, in 256 
which lanes (1) - (6) are PCR fragments amplified from the DNA templates of 257 
Arabidopsis shoots exposed to 0, 0.25, 1.0, 4.0, 5.0 and 8.0 mg·L-1 Cd for 15 d, 258 
respectively. Lane (0) is Takara DNA Marker 2000 (2000, 1000, 750, 500, 250 259 
and 100 bp from top to bottom), and the same is below. 260 
 261 
3.2 Genetic damage assay using RAPDs 262 
Fig. 2 shows RAPD profiles in Arabidopsis seedlings grown without or and 263 
without Cd treatments after 15 d of exposure. In Fig. 2, each lane contains at 264 
least 10 bands ranged fromin molecular size of 300 to 3000 bp, in which bands 265 
of variable intensity detected in at least two replicates are calculated in Fig. 3. 266 
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Compared with the controls, pPolymorphic bands were not detected between 267 
in the unexposed and exposed plantlets of in the 0.25 and 1.0 mg·L-1 Cd 268 
treatment, for different primers. 4.0 mg·L-1 Cd treatment induced low 269 
polymorphism whereas high polymorphism occurred at the 5.0 mg·L-1 Cd 270 
treatment. Numbers of polymorphism loci were 1.5 and 24.5 for 4.0 and 5.0 271 
mg·L-1 Cd, respectively (Fig. 3). In these cases, RAPD polymorphisms were 272 
due to the loss and/or gain of amplified bands in the treated samples 273 
compared with the control. 274 
  275 
Fig. 2 RAPD fingerprints of Arabidopsis seedlings exposed to 0-5.0 276 
mg·L-1 Cd for 15 d. (A) PAGE profiles amplified by primer 1, (B) by primer 2 277 
and (C) by primer 4, in which lanes (1) - (5) are PCR fragments amplified from 278 
the DNA templates of Arabidopsis shoots exposed to 0, 0.25, 1.0, 4.0 and 5.0 279 
mg·L-1 Cd for 15 d, respectively, and lane (0) is Takara DNA Marker 2000 (100 280 
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and 250 bp bands of DNA marker migrated out of the gel for high resolution). 281 
Red arrows illustrated polymorphism between plantlets exposed to 5.0 mg·L-1 282 
Cd and the control. 283 
 284 
Fig. 3 Polymorphism variations detected by RAPD from Arabidopsis 285 
plantlets exposed to 0 - 5.0 mg·L-1 Cd for 15 d. 286 
 287 
3.3 Methylation damage assay using MSAP-PCR 288 
Aberrations of global DNA methylation in Arabidopsis induced by Cd was 289 
evaluated by MSAP-PCR. For all treatments, reproducible bands or cytosine 290 
residues of variable intensity were evaluated (Fig. 4) and calculated in Fig. 5 291 
for methylation analysis at both internal (HpaII) and external (MspI) cytosines 292 
of CCGG sites. At the external cytosine, Cd stress resulted in global 293 
hypermethylation in the shoot tissues relative to the controls (Fig. 5A). This 294 
hypermethylation more closely follows an inverted U-shaped dose-response to 295 
Cd. The increase was 9.5, 9.5, 14.5 and 9 loci in plantlets exposed to Cd of 296 
0.25, 1.0, 4.0 and 5.0 mg·L-1 Cd, respectively. NotablyYet, the hypomethylation 297 
14 
manifested an invariable status under all Cd stresses tested (Fig. 5A). 298 
At the internal cytosine, a similar trend for hypermethylation and 299 
hypomethylation under Cd stress was observed as compared to the untreated 300 
control (Fig. 5B). The numbers of hypermethylation loci were 24.5, 27.5, 26 301 
and 26 at 0.25, 1.0, 4.0 and 5.0 mg·L-1 Cd doses, respectively, which were 302 
prominently more than that at the external cytosine. Moreover, 303 
hypomethylation observed arose linearly albeit in a low proportion of increase 304 
(Fig. 5B). 305 
Different methylation polymorphic bands were detected at 0.25-5.0 mg·L-1 306 
concentration of Cd for different cytosines in the shoots (Fig. 5). Also, these 307 
polymorphisms indicate similar inverted U-shaped concentration response 308 
curves under Cd stress, and the inverted U-shaped curves were maximum at 309 
Cd of 1.0 and 4.0 mg L-1 (Fig. 5) for the internal and external cytosines, 310 
respectively. In all cases, methylation polymorphisms were due to the loss and 311 
gain of variable intensity of reproducible amplified bands in the Cd-treated 312 
seedlings as compared to the control (Fig. 4). 313 
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 314 
Fig. 4 The representative MSAP-PCR profiles of Arabidopsis seedlings 315 
exposed to 0 - 5.0 mg·L-1 Cd for 15 d. (A) PAGE profiles amplified by primer 316 
MLG2 from DNA templates digested by EcoRI+MspI and (B) EcoRI+HpaII, in 317 
which lanes (1) - (5) are PCR fragments amplified from the DNA templates of 318 
Arabidopsis shoots exposed to 0, 0.25, 1.0, 4.0 and 5.0 mg·L-1 Cd for 15 d, 319 
respectively, and lane (0) is Takara DNA Marker 2000 (100 bp band of DNA 320 
marker migrated out of the gel for high resolution). 321 
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 322 
 323 
 324 
Fig. 5 DNA methylation variations detected by MSAP-PCR from 325 
Arabidopsis plantlets exposed to 0 - 5.0 mg·L-1 Cd for 15 d. (A) Frequency 326 
of hypermethylation, hypomethylation and methylation polymorphism at 327 
external cytosine (CHG ) loci and (B) internal cytosine (CPG) loci. 328 
 329 
B 
A 
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4. Discussion 330 
4.1 MSI is sensibility-insufficient in vivo is not as a sensitive 331 
biomarker for Cd stress 332 
Cd has been responsible for proofreading and MMR deficiency that could 333 
cause genomic MSI (Jin et al., 2003; Edelbrock et al., 2013). As far as we 334 
know, SSRs was first adopted by Kovalchuk et al. (2000) as tools to assess 335 
genetic instability in the offspring of wheat plants exposed to radiation near the 336 
Chernobyl nuclear power plant. More recently, positive results of MSI have 337 
been reported in transgenic plants consisting of a modified GUS reporter 338 
whose reading frame is disrupted by microsatellite repeat sequence (Yao and 339 
Kovalchuk, 2011). Thus, MSI analysis has been considered as a biomarker to 340 
detect genetic damages in ecotoxicology. 341 
In the present study, MSI was not observed for the Arabidopsis seedlings 342 
exposed to Cd stress of 0.25-5.0 mg·L-1 for 15 d, although shoots and roots in 343 
the seedlings manifested significant inhibitory symptoms in response to Cd at 344 
5.0 mg·L-1 (Fig. A.1). However, MSI was observed exclusively in seedlings 345 
exposed to 8.0 mg·L-1 Cd, with the replication slipping of one repeat detected 346 
by two SSRs (Fig. 2). According to a previous study (Monteiro et al., 2009), 347 
MSI was plant tissue- and exposure time-dependent under Cd stress. In our 348 
work, only shoots were studied because of their ease of handling and being 349 
representative for the toxicity of the whole plant in contamination diagnosis. 350 
Moreover, to further increase the toxicity, seedlings were exposed to Cd of 351 
additional low doses of( 0.25 and 1.0 mg·L-1 for 21 d. They were assayed by 352 
two SSRs of BSAT1.001 and BSAT2.012, however, MSI remained negative 353 
(Fig. 1).    354 
In oncology studies, MSI due to MMR deficiency is ahave been reported to 355 
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be biomarkers of various cancers (Sardi et al., 2001; Vilar et al., 2014), 356 
because cancers and tumors attach to severe cellular damage strong 357 
impairment of cells, eventually leading to cell deathfor animals, causing the 358 
death eventually. However in our work, Arabidopsis could still survive under 359 
Cd stress of 0.25-5.0 mg·L-1 (Fig. A.1), suggesting that repair of 360 
insertion/deletion loops induced by Cd has been performed by DNA MMR 361 
proteins MLH1, MSH2, MSH3, MSH6, PMS1 and PMS2. More importantly, 362 
according to recent work (Yao and Kovalchuk, 2011), positive results of MSI 363 
were induced by relatively severe stress in transgenic plants which might be 364 
more sensitive in MSI because of its exogenous SSR. All the above results 365 
imply that MSI is not a sufficiently sensitive biomarker in ecotoxicology studies. 366 
4.2 DNA damage assayed by RAPD analysis is more 367 
sensitive than by MSI  368 
In ecotoxicology, genomic DNA damage such as DNA adducts, breakage, 369 
insertion/deletion and base substitution can be detected by RAPD technique 370 
as described previously, and is widely used in genotoxicity research 371 
recently(Liu et al., 2009; Liu et al., 2012; Ladhar et al., 2014). In our study, 372 
alterations in Arabidopsis genomic DNA induced by Cd were assayed by 373 
RAPD profiles through three from 12 arbitrary primers screened. Prominent 374 
increase was observed at 5.0 mg·L-1 Cd treatment and slight elevation at 4.0 375 
mg·L-1 Cd treatment for 15 d (Fig. 3). Also, note thatBesides, treatment time 376 
seems a big issue as seedlings exposed to Cd of additional low doses of 0.25 377 
and 1.0 mg·L-1 for 21 d revealed a significant increase of RAPD 378 
polymorphisms (Fig. A.2), where MSI remained negative. This suggests that 379 
RAPD polymorphism is more sensitive to Cd stress than MSI as a biomarker.  380 
MSI, one of genomic instability, is a consequence of MMR deficiency and 381 
can ’not be induced by stresses straightforwardly (Clark and Kunkel, 2004; 382 
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Wieland et al., 2009). To our knowledge, MMR contains several proteins 383 
involved in recognition and repair of DNA damage, and can regulate G2/M 384 
checkpoints during the cell cycle, which can allow cells to overcome replication 385 
errors before entering mitosis (Campregher et al., 2008). Thus, MSI induced 386 
by stresses would be repaired by DNA MMR proteins before cell proliferation 387 
and would not be predicted to occur in Arabidopsis seedlings exposed to 388 
0.25-5.0 mg·L-1 Cd. However, replication slipping errors can’t be repaired when 389 
the entire MMR system is fatally paralyzed, indeed, MSI did appeared in 390 
Arabidopsis seedlings exposed to 8.0 mg·L-1 Cd (Fig. 1).  391 
However, DNA adducts can be replicated and transmitted to next 392 
generation of cells through translesion replication, escaping surveillance and 393 
repair systems (Zang et al., 2005). Under the stresses, DNA polymerases 394 
during the translesion synthesis processes are forced to encounter multiple 395 
types of damaged DNA, and can proceed to replicate modified DNA during the 396 
cell cycle. Also, cells evolve the translesion synthesis processes to tolerate 397 
genomic lesions by error-free or error-prone repair. Moreover, error-prone 398 
repair could pass the errors to the next generation of cells by cell proliferation. 399 
This is a type of emergency system used to maintain cells survived, while 400 
severe DNA damage blocks the cell cycle, leading to cell cycle arrest or 401 
apoptosis/death [58]. Additionally, RAPD technique can detect temporary DNA 402 
damage and mutations caused by DNA adducts that could override the normal 403 
DNA replication and concurrently pass through translesion replication (Liu et 404 
al., 2005). This might explainaccount for the reasons why RAPD polymorphism 405 
is much more sensitive than MSI in the present study, and MSI in Arabidopsis 406 
was detected only at the very high dose of 8.0 mg·L-1 Cd (Fig.s 1 and 3).  407 
 408 
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4.3 Aberrations in DNA methylation by MSAP-PCR are the 409 
optimum biomarkers in ecotoxicology.  410 
Plants employ epigenetic regulatory strategies, such as DNA methylation, 411 
to maintain genomic plasticity, allowing the simultaneous regulation of  412 
expression of many genes involved in plant defense and in facilitating rapid 413 
adaptation to new stress conditions without changing the DNA sequence 414 
(Steward et al., 2002; Santoyo et al., 2011). Herein, our results indicate that Cd 415 
stress does affect patterns of genomic DNA methylation in Arabidopsis shoots 416 
(Fig. 5). Although the accurate timing and role of the internal and external 417 
cytosines in the CCGG restriction sites remains unresolvedhas not been 418 
clearly elucidated, data in Fig. 5 indicate that differential methylation patterns 419 
of different cytosines in the CCGG sites in the genomic DNA are affected by 420 
Cd atof 0.25-5.0 mg·L-1 levels. The hypermethylation more closely follows an 421 
inverted U-shaped dose-response to Cd, and the inverted U-shaped curves 422 
were maximum at Cd of 1.0 and 4.0 mg L-1 (Fig.s 4-5) for the internal and 423 
external cytosines of CCGG sites, respectively. Moreover, the 424 
hypermethylations were more prominently more at the internal cytosine than 425 
that at the external cytosine. Also, hypomethylation was elevated albeit in a 426 
low proportion of increase at both external and internal cytosines (Fig. 5). A 427 
similar trend was reported foron other plant and animal species (Aypar et al., 428 
2011; Fulnecek and Kovarik, 2014). Hypomethylation may increase the 429 
susceptibility of chromosomes to breakage, and hypermethylaiton may also 430 
cause chromosomal instability by inhibiting cell cycle-dependent checkpoint 431 
controls, with deleterious effects on the cells (Kovalchuk et al., 2001). 432 
Importantly, stress-induced change itself might be more important than the 433 
direction of change, since any aberrations in DNA methylation is considered 434 
detrimental to the cells (Aypar et al., 2011). Thereby, modified patterns of 435 
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global DNA methylation probably can be applied as a potential biomarker for 436 
biomonitoring Cd exposure. 437 
Global DNA methylation modifications are immediately initiated and 438 
proceed rapidly in plant cells in response to stress through signal transduction, 439 
leading to fast epigenetic changes (Steward et al., 2002; Santoyo et al., 2011). 440 
The mechanisms for DNA methylation effects by Cd have not been fully 441 
elucidated. Nonetheless, emerging evidence shows that the major cause for 442 
altered methylation is due to changes in methyltransferase activities and in 443 
coordinated expression of the chromatin-related genes known to be 444 
responsible for faithful maintenance of the various methylation patterns in 445 
plants (Ou et al., 2012). For example, Greco et al. (Greco et al., 2012) reported 446 
that Cd increased levels of chromomethylase (CMT) activities and elicited 447 
concomitant increases in global genomic DNA methylation, together with an 448 
enhanced heterochromatic nuclear fraction in Posidonia oceanica. 449 
Alternatively, Cd can interfere with the activity of DNA methyltransferases 450 
through overproduction of reactive oxygen species (ROS), and oxidative DNA 451 
damage could subsequently lead to an altered DNA methylation profile and 452 
subsequent alterations in gene expression, and/or siRNAs/RdDM and 453 
ROS1/DME (Mirbahai and Chipman, 2014). In the current study (Fig. 5), the 454 
aberrant changes of global DNA methylation we detected in Cd-treated 455 
seedlings could be the consequences of siRNAs/RdDM and CMT/DNMTs 456 
aberrant expression resulting from exposure to Cd for 15 d. 457 
The utilization of biomarkers to assess bioticeffects of exposure of the 458 
organisms to stresses has received increasing attention, and biomarkers act 459 
Increasingly, biomarkers are used as an integrative measurement at the 460 
sub-organism level to indicate stress status before damage to the biota arises 461 
(Kit et al., 2012). In the field of epigenomics, the Eepigenetic biomarkers may 462 
be indicators for early diagnosis or risk assessment of human diseases, 463 
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pollutant exposure and impact (Huang et al., 2012; Kit et al., 2012). Recently, 464 
DNA methylation-based biomarkers have been proven to be more specific and 465 
sensitive than commonly used protein biomarkers, which could clearly justify 466 
their use in clinics (Kit et al., 2012). For example, emerging evidence shows 467 
that minimal traces of aberrant methylation profiles in blood DNA could serve 468 
as early surrogate biomarkers for cancer diagnosis and for risk assessment of 469 
PAHs exposure, respectively (Yang et al., 2012; Shin et al., 2013), supporting 470 
the notion that these methylation changes are the initial step that triggers 471 
various genetic events in these tumors (Kit et al., 2012). In another study, DNA 472 
methylation was previously introduced as an interface between the genome 473 
and environment, providing partial mechanisticm explanations for the 474 
sensitivity of organisms to environmental stresses. Moreover, DNA 475 
methylation’s persistence can usefully reflect the status of the environment in 476 
which organisms reside (Mirbahai and Chipman, 2014). In our study, DNA 477 
methylation polymorphism is much higher than RAPD loci and MSI in 478 
seedlings exposed to Cd stress of 0.25-5.0 mg·L-1 and the effects are 479 
dose-related, whereas DNA polymorphism using RAPD and MSI analyses is 480 
observed exclusively at doses of 4.0-5.0 mg·L-1 and 8.0 mg·L-1 Cd, 481 
respectively (Fig.s 1-5). These results provide evidence that epigenetic 482 
biomarker, such as DNA methylation polymorphism in seedlings, could be a 483 
more sensitive biomarker for Cd exposure than RAPD polymorphism and MSI. 484 
In the field of ecotoxicology, advances in DNA methylation analysis have 485 
led to the recognition that aberrant DNA methylation status is potentially an 486 
early, rapid and sensitive molecular biomarker indicative of pollutant exposure 487 
and impact. MSAP-PCR is the most widely used method for screening 488 
aberrant DNA methylation in cells, and this approach has several advantages: 489 
more precision/accuracy, sensitivity, and reproducibility, and easier to carry out 490 
than traditional MSAP technique in studies (Aypar et al., 2011; Fulnecek and 491 
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Kovarik, 2014; Pierron et al., 2014). Moreover,In addition, today MSAP-PCR is 492 
becoming a routine procedure in laboratories. We anticipate a broad 493 
application of the described technology in future studies on aberrations of DNA 494 
methylation for more accurate assessment of Cd genotoxicity in other plants 495 
and for genotoxicity of other heavy metal stresses in ecotoxicology. 496 
5. Conclusions 497 
The present report defines modifications in the genomic DNA methylation 498 
in correlation with the induction of DNA RAPD polymorphism and MSI 499 
measured in Arabidopsis seedlings exposed to Cd of 0.25-5.0 mg·L-1 for 15 d. 500 
We observed that MSI and RAPD polymorphism appeared exclusively under 501 
Cd stress of 8.0 mg·L-1 and of 4.0-5.0 mg·L-1, respectively. However, wethe 502 
present study shows that prominent DNA methylation polymorphism occurred 503 
under Cd stress of 0.25-5.0 mg·L-1 by MSAP-PCR. Furthermore, the inverted 504 
U-shaped dose-response effects of Cd stress on DNA methylation 505 
polymorphism were observed in Arabidopsis seedlings. Given thatThe ability 506 
of MSAP-PCR to detects substantial epigenetic alterations in Arabidopsis 507 
seedlings at Cd exposure, prior to the onset of RAPD polymorphism, MSI and 508 
significant growth effects, it wshould be useful for greatly improve 509 
environmental risk assessment. With further development, the MSAP-PCR 510 
method may also provide a more sensitive and reliable means in identification 511 
and analysis of DNA methylation modifications in the other Cd-treated plants, 512 
and becomeit may be a powerful tool for early detection of genotoxic effects of 513 
other heavy-metal stresses in ecotoxicology. 514 
Acknowledgement 515 
This research was financially sponsored by National Natural Science 516 
 24 
Foundation of China (21347007, 2012ZX7505-001, 41272255, and 517 
41472237). 518 
 519 
References 520 
Aina, R., Sgorbati, S., Santagostino, A., Labra, M., Ghiani, A., Citterio, S., 2004. 521 
Specific hypomethylation of DNA is induced by heavy metals in white clover 522 
and industrial hemp. Physiol. Plantarum 121, 472-480. 523 
Aypar, U., Morgan, W.F., Baulch, J.E., 2011. Radiation-induced epigenetic 524 
alterations after low and high LET irradiations. Mutat. Res. 707, 24-33. 525 
Azevedo, H., Pinto, C.G.G., Fernandes, J., Loureiro, S., Santos, C., 2007. Cadmium 526 
effects on sunflower growth and photosynthesis. J. Plant Nutr. 28, 2211-2220. 527 
Banerjee, S., Flores-Rozas, H., 2005. Cadmium inhibits mismatch repair by blocking 528 
the ATPase activity of the MSH2-MSH6 complex. Nucleic Acids Res. 33, 529 
1410-1419. 530 
Boyko, A., Blevins, T., Yao, Y., Golubov, A., Bilichak, A., Ilnytskyy, Y., Hollunder, 531 
J., Meins, F., Jr., Kovalchuk, I., 2010. Transgenerational adaptation of 532 
Arabidopsis to stress requires DNA methylation and the function of Dicer-like 533 
proteins. PloS one 5, e9514. 534 
Boyko, A., Kathiria, P., Zemp, F.J., Yao, Y.L., Pogribny, I., Kovalchuk, I., 2007. 535 
Transgenerational changes in the genome stability and methylation in 536 
pathogen-infected plants (Virus-induced plant genome instability). Nucleic Acids 537 
Res. 35, 1714-1725. 538 
Cambier, S., Gonzalez, P., Durrieu, G., Bourdineaud, J.P., 2010. Cadmium-induced 539 
genotoxicity in zebrafish at environmentally relevant doses. Ecotox. Environ. 540 
Safe. 73, 312-319. 541 
Campregher, C., Luciani, M.G., Gasche, C., 2008. Activated neutrophils induce an 542 
hMSH2-dependent G2/M checkpoint arrest and replication errors at a 543 
(CA)13-repeat in colon epithelial cells. Gut 57, 780-787. 544 
Chao, Y.E., Feng, Y., Yang, X.E., Liu, D., 2008. Effect of long-term stress of high 545 
Pb/Zn levels on genomic variation of Sedum alfredii Hance. Bull. Environ. 546 
Contam. Toxicol. 81, 445-448. 547 
Chatterjee, R., Vinson, C., 2012. CpG methylation recruits sequence specific 548 
transcription factors essential for tissue specific gene expression. Biochim. 549 
Biophys. Acta.(BBA)-Gene Regul. Mech. 1819, 763-770. 550 
Clark, A.B., Kunkel, T.A., 2004. Cadmium inhibits the functions of eukaryotic MutS 551 
complexes. J. Biol. Chem. 279, 53903-53906. 552 
Du, X., Lan, T., Yuan, B., Chen, J., Hu, J., Ren, W., Chen, Z., 2014. 553 
Cadmium-induced microsatellite instability in the kidneys and leukocytes of 554 
 25 
C57BL/6J mice. Environ. Toxicol., DOI:10.1002/tox.21946. 555 
Duan, H.W., He, Z.N., Ma, J.X., Zhang, B., Sheng, Z.G., Bin, P., Cheng, J., Niu, Y., 556 
Dong, H.Y., Lin, H., Dai, Y.F., Zhu, B.Z., Chen, W., Xiao, Y.M., Zheng, Y.X., 557 
2013. Global and MGMT promoter hypomethylation independently associated 558 
with genomic instability of lymphocytes in subjects exposed to high-dose 559 
polycyclic aromatic hydrocarbon. Arch. Toxicol. 87, 2013-2022. 560 
Edelbrock, M.A., Kaliyaperumal, S., Williams, K.J., 2013. Structural, molecular and 561 
cellular functions of MSH2 and MSH6 during DNA mismatch repair, damage 562 
signaling and other noncanonical activities. Mutat. Res. 743-744, 53-66. 563 
Fulnecek, J., Kovarik, A., 2014. How to interpret methylation sensitive amplified 564 
polymorphism (MSAP) profiles? BMC Genet. 15. 565 
Garnis, C., Rosin, M.P., Zhang, L., Lam, W.L., 2005. Alteration of AKAP220, an 566 
upstream component of the Rb pathway, in oral carcinogenesis. Int. J. Cancer 567 
116, 813-819. 568 
Gjorgieva, D., Kadifkova Panovska, T., Ruskovska, T., Baceva, K., Stafilov, T., 2013. 569 
Influence of heavy metal stress on antioxidant status and DNA damage in Urtica 570 
dioica. Biomed Res. Int. 2013, 276-417. 571 
Gonzalgo, M.L., Liang, G., Spruck, C.H., Zingg, J.M., Rideout, W.M., Jones, P.A., 572 
1997. Identification and characterization of differentially methylated regions of 573 
genomic DNA by methylation-sensitive arbitrarily primed PCR. Cancer Res. 57, 574 
594-599. 575 
Greco, M., Chiappetta, A., Bruno, L., Bitonti, M.B., 2012. In Posidonia oceanica 576 
cadmium induces changes in DNA methylation and chromatin patterning. J. Exp. 577 
Bot. 63, 695-709. 578 
Harris, R.A., Shaw, C., Li, J., Cheung, S.W., Coarfa, C., Jeong, M., Goodell, M.A., 579 
White, L.D., Patel, A., Kang, S.H., Chinault, A.C., Gambin, T., Gambin, A., 580 
Lupski, J.R., Milosavljevic, A., 2013. Confounding by repetitive elements and 581 
CpG islands does not explain the association between hypomethylation and 582 
genomic instability. PLoS Genet. 9. 583 
Herbette, S., Taconnat, L., Hugouvieux, V., Piette, L., Magniette, M.L., Cuine, S., 584 
Auroy, P., Richaud, P., Forestier, C., Bourguignon, J., Renou, J.P., Vavasseur, 585 
A., Leonhardt, N., 2006. Genome-wide transcriptome profiling of the early 586 
cadmium response of Arabidopsis roots and shoots. Biochimie 88, 1751-1765. 587 
Huang, Q., Huang, J.F., Zhang, B., Baum, L., Fu, W.L., 2012. Methylation variable 588 
position profiles of hMLH1 promoter CpG islands in human sporadic colorectal 589 
carcinoma. Diagn. Mol. Pathol. 21, 24-33. 590 
Jin, Y.H., Clark, A.B., Slebos, R.J., Al-Refai, H., Taylor, J.A., Kunkel, T.A., Resnick, 591 
M.A., Gordenin, D.A., 2003. Cadmium is a mutagen that acts by inhibiting 592 
mismatch repair. Nat. Genet. 34, 326-329. 593 
Kit, A.H., Nielsen, H.M., Tost, J., 2012. DNA methylation based biomarkers: 594 
Practical considerations and applications. Biochimie 94, 2314-2337. 595 
Korpe, D.A., Aras, S., 2011. Evaluation of copper-induced stress on eggplant 596 
 26 
(Solanum melongena L.) seedlings at the molecular and population levels by use 597 
of various biomarkers. Mutat. Res. 719, 29-34. 598 
Kovalchuk, O., Burke, P., Arkhipov, A., Kuchma, N., James, S.J., Kovalchuk, I., 599 
Pogribny, I., 2003. Genome hypermethylation in Pinus silvestris of Chernobyl - 600 
a mechanism for radiation adaptation? Mutat. Res.-Fund. Mol. M. 529, 13-20. 601 
Kovalchuk, O., Dubrova, Y.E., Arkhipov, A., Hohn, B., Kovalchuk, I., 2000. 602 
Germline DNA - Wheat mutation rate after Chernobyl. Nature 407, 583-584. 603 
Kovalchuk, O., Titov, V., Hohn, B., Kovalchuk, I., 2001. A sensitive transgenic plant 604 
system to detect toxic inorganic compounds in the environment. Nat. Biotechnol. 605 
19, 568-572. 606 
Labra, M., Ghiani, A., Citterio, S., Sgorbati, S., Sala, F., Vannini, C., 607 
Ruffini-Castiglione, M., Bracale, M., 2002. Analysis of cytosine methylation 608 
pattern in response to water deficit in pea root tips. Plant Biol. 4, 694-699. 609 
Labra, M., Grassi, F., Imazio, S., Di Fabio, T., Citterio, S., Sgorbati, S., Agradi, E., 610 
2004. Genetic and DNA-methylation changes induced by potassium dichromate 611 
in Brassica napus L. Chemosphere 54, 1049-1058. 612 
Ladhar, C., Geffroy, B., Cambier, S., Treguer-Delapierre, M., Durand, E., Brethes, D., 613 
Bourdineaud, J.P., 2014. Impact of dietary cadmium sulphide nanoparticles on 614 
Danio rerio zebrafish at very low contamination pressure. Nanotoxicology 8, 615 
676-685. 616 
Li, F., Mao, G., Tong, D., Huang, J., Gu, L., Yang, W., Li, G.M., 2013. The histone 617 
mark H3K36me3 regulates human DNA mismatch repair through its interaction 618 
with MutS alpha Cell 153, 590-600. 619 
Liu, W., Li, P.J., Qi, X.M., Zhou, Q.X., Zheng, L., Sun, T.H., Yang, Y.S., 2005. DNA 620 
changes in barley (Hordeum vulgare) seedlings induced by cadmium pollution 621 
using RAPD analysis. Chemosphere 61, 158-167. 622 
Liu, W., Sun, L., Zhong, M., Zhou, Q., Gong, Z., Li, P., Tai, P., Li, X., 2012. 623 
Cadmium-induced DNA damage and mutations in Arabidopsis plantlet shoots 624 
identified by DNA fingerprinting. Chemosphere 89, 1048-1055. 625 
Liu, W., Yang, Y.S., Li, P.J., Zhou, Q.X., Xie, L.J., Han, Y.P., 2009. Risk assessment 626 
of cadmium-contaminated soil on plant DNA damage using RAPD and 627 
physiological indices. J. Hazard. Mater. 161, 878-883. 628 
Liu, W., Yang, Y.S., Zhou, Q., Xie, L., Li, P., Sun, T., 2007. Impact assessment of 629 
cadmium contamination on rice (Oryza sativa L.) seedlings at molecular and 630 
population levels using multiple biomarkers. Chemosphere 67, 1155-1163. 631 
Liu, Y.T., Chen, Z.S., Hong, C.Y., 2011. Cadmium-induced physiological response 632 
and antioxidant enzyme changes in the novel cadmium accumulator, Tagetes 633 
patula. J. Hazard. Mater. 189, 724-731. 634 
Lopez-Moreno, M.L., de la Rosa, G., Hernandez-Viezcas, J.A., Castillo-Michel, H., 635 
Botez, C.E., Peralta-Videa, J.R., Gardea-Torresdey, J.L., 2010. Evidence of the 636 
differential biotransformation and genotoxicity of ZnO and CeO2 nanoparticles 637 
on soybean (Glycine max) plants. Environ. Sci. Technol. 44, 7315-7320. 638 
 27 
Malar, S., Manikandan, R., Favas, P.J.C., Sahi, S.V., Venkatachalam, P., 2014. Effect 639 
of lead on phytotoxicity, growth, biochemical alterations and its role on genomic 640 
template stability in Sesbania grandiflora: A potential plant for 641 
phytoremediation. Ecotox. Environ. Safe. 108, 249-257. 642 
Mason, G., Noris, E., Lanteri, S., Acquadro, A., Accotto, G.P., Portis, E., 2008. 643 
Potentiality of Methylation-sensitive Amplification Polymorphism (MSAP) in 644 
identifying genes involved in tomato response to tomato yellow leaf curl 645 
Sardinia virus. Plant Mol. Biol. Rep. 26, 156-173. 646 
Miki, Y., Hashiba, M., Hisajima, S., 2001. Establishment of salt stress tolerant rice 647 
plants through step up NaCl treatment in vitro. Biol. Plantarum 44, 391-395. 648 
Mirbahai, L., Chipman, J.K., 2014. Epigenetic memory of environmental organisms: 649 
A reflection of lifetime stressor exposures. Mutat. Res.-Gen. Tox. En. 764, 650 
10-17. 651 
Misra, A., Chosdol, K., Sarkar, C., Mahapatra, A.K., Sinha, S., 2001. Alteration of a 652 
sequence with homology to human endogenous retrovirus (HERV-K) in primary 653 
human glioma: implications for viral repeat mediated rearrangement. Mutat. Res. 654 
484, 53-59. 655 
Monteiro, M.S., Lopes, T., Mann, R.M., Paiva, C., Soares, A.M., Santos, C., 2009. 656 
Microsatellite instability in Lactuca sativa chronically exposed to cadmium. 657 
Mutat. Res. 672, 90-94. 658 
Oliveira, H., Lopes, T., Almeida, T., Pereira, M.D., Santos, C., 2012. 659 
Cadmium-induced genetic instability in mice testis. Hum. Exp. Toxicol. 31, 660 
1228-1236. 661 
Ou, X., Zhang, Y., Xu, C., Lin, X., Zang, Q., Zhuang, T., Jiang, L., von Wettstein, D., 662 
Liu, B., 2012. Transgenerational inheritance of modified DNA methylation 663 
patterns and enhanced tolerance induced by heavy metal stress in rice (Oryza 664 
sativa L.). PloS one 7, e41143. 665 
Pierron, F., Baillon, L., Sow, M., Gotreau, S., Gonzalez, P., 2014. Effect of low-dose 666 
cadmium exposure on DNA methylation in the endangered European eel. 667 
Environ. Sci. Technol. 48, 797-803. 668 
Rodriguez, E., Azevedo, R., Moreira, H., Souto, L., Santos, C., 2013a. Pb2+ exposure 669 
induced microsatellite instability in Pisum sativum in a locus related with 670 
glutamine metabolism. Plant Physiol. Bioch. 62, 19-22. 671 
Rodriguez, E., Azevedo, R., Remedios, C., Almeida, T., Fernandes, P., Santos, C., 672 
2013b. Exposure to Cr(VI) induces organ dependent MSI in two loci related with 673 
photophosphorylation and with glutamine metabolism. J. Plant Physiol. 170, 674 
534-538. 675 
Santoyo, M.M., Flores, C.R., Torres, A.L., Wrobel, K., 2011. Global DNA 676 
methylation in earthworms: A candidate biomarker of epigenetic risks related to 677 
the presence of metals/metalloids in terrestrial environments. Environ. Pollut. 678 
159, 2387-2392. 679 
Sardi, I., Franchi, A., Bocciolini, C., Mechi, C., Frittelli, A., Bruschini, L., Gallo, O., 680 
 28 
2001. Microsatellite instability as biomarker for risk of multiple primary 681 
malignancies of the upper aerodigestive tract. Oncol. Rep. 8, 393-399. 682 
Shin, Y., Perera, A.P., Kee, J.S., Song, J.F., Fang, Q., Lo, G.Q., Park, M.K., 2013. 683 
Label-free methylation specific sensor based on silicon microring resonators for 684 
detection and quantification of DNA methylation biomarkers in bladder cancer. 685 
Sensor. Actuat. B-Chem. 177, 404-411. 686 
Singh, K.P., Roy, D., 2001. Identification of novel breast tumor-specific mutation(s) 687 
in the q11.2 region of chromosome 17 by RAPD/AP-PCR fingerprinting. Gene 688 
269, 33-43. 689 
Singh, K.P., Roy, D., 2004. Somatic mutations in stilbene estrogen-induced Syrian 690 
hamster kidney tumors identified by DNA fingerprinting. J. Carcinog. 3, 4. 691 
Soreide, K., Janssen, E.A.M., Soiland, H., Korner, H., Baak, J.P.A., 2006. 692 
Microsatellite instability in colorectal cancer. Brit. J. Surg. 93, 395-406. 693 
Steward, N., Ito, M., Yamaguchi, Y., Koizumi, N., Sano, H., 2002. Periodic DNA 694 
methylation in maize nucleosomes and demethylation by environmental stress. J. 695 
Biol. Chem. 277, 37741-37746. 696 
Sun, Y., Zhou, Q., Diao, C., 2008. Effects of cadmium and arsenic on growth and 697 
metal accumulation of Cd-hyperaccumulator Solanum nigrum L. Bioresour. 698 
Technol. 99, 1103-1110. 699 
Vilar, E., Mork, M.E., Cuddy, A., Borras, E., Bannon, S.A., Taggart, M.W., Ying, J., 700 
Broaddus, R.R., Luthra, R., Rodriguez-Bigas, M.A., Lynch, P.M., You, Y.Q.N., 701 
2014. Role of microsatellite instability-low as a diagnostic biomarker of Lynch 702 
syndrome in colorectal cancer. Cancer Genet. 207, 495-502. 703 
Welsh, J., McClelland, M., 1990. Fingerprinting genomes using PCR with arbitrary 704 
primers. Nucleic Acids Res. 18, 7213-7218. 705 
Wieland, M., Levin, M.K., Hingorani, K.S., Biro, F.N., Hingorani, M.M., 2009. 706 
Mechanism of cadmium-mediated inhibition of Msh2-Msh6 function in DNA 707 
mismatch repair. Biochemistry 48, 9492-9502. 708 
Williams, J., Kubelik, A., Livak, K.R., JA, Tingey, S., 1990. DNA polymorphisms 709 
amplified by arbitrary primers are useful as genetic markers. Nucleic Acids Res. 710 
18, 6531-6535. 711 
Yang, P., Ma, J.X., Zhang, B., Duan, H.W., He, Z.N., Zeng, J.L., Zeng, X.W., Li, 712 
D.C., Wang, Q., Xiao, Y.M., Liu, C.X., Xiao, Q., Chen, L.P., Zhu, X.N.A., Xing, 713 
X.M., Li, Z.F., Zhang, S.X., Zhang, Z.B., Ma, L., Wang, E.M., Zhuang, Z.X., 714 
Zheng, Y.X., Chen, W., 2012. CpG site-specific hypermethylation of p16INK4 715 
alpha in peripheral blood lymphocytes of PAH-exposed workers. Cancer 716 
Epidem. Biomar. 21, 182-190. 717 
Yao, Y., Kovalchuk, I., 2011. Abiotic stress leads to somatic and heritable changes in 718 
homologous recombination frequency, point mutation frequency and 719 
microsatellite stability in Arabidopsis plants. Mutat. Res. 707, 61-66. 720 
Zang, H., Goodenough, A.K., Choi, J.Y., Irimia, A., Loukachevitch, L.V., Kozekov, 721 
I.D., Angel, K.C., Rizzo, C.J., Egli, M., Guengerich, F.P., 2005. DNA adduct 722 
 29 
bypass polymerization by Sulfolobus solfataricus DNA polymerase Dpo4: 723 
analysis and crystal structures of multiple base pair substitution and frameshift 724 
products with the adduct 1,N2-ethenoguanine. J. Biol. Chem. 280, 29750-29764. 725 
 726 
. 727 
 728 
 1 
Cadmium-induced genomic instability in Arabidopsis: 1 
molecular toxicological biomarkers for early diagnosis of 2 
cadmium stress 3 
Hetong Wang1, 7, Lei He1, 2, ♯, Jie Song1,2, Weina Cui1,3, Yanzhao Zhang4, Chunyun Jia1, Dennis Francis5, 4 
Hilary J Rogers6, Lizong Sun1, Peidong Tai1, Xiujun Hui3, Yang Yuesuo5, Wan Liu1* 5 
 6 
1 Key Laboratory of Pollution Ecology and Environmental Engineering, Institute of Applied Ecology, 7 
Chinese Academy of Sciences, Shenyang 110016, P.R. China 8 
2
 Environmental Science College, Liao University, Shenyang 110036, PR China  9 
3 Shanghai Institute of Technology, Shanghai 201418, PR China 10 
4
 Life Science Department, Luoyang Normal University, Luoyang 471022, PR China  11 
5 Key Laboratory of Eco-restoration, Shenyang University, Shenyang 11044, P.R. China 12 
6 Cardiff University, School of Biosciences, Cardiff CF10 33TL, UK 13 
 7Department of Basic Medicine, He University, Shenyang 110163, P.R. China 14 
 15 
♯♯ Co-first author 16 
* Corresponding author: Wan Liu; Tel: +86-24-83970367; Fax: +86-24-83970300; Email: 17 
liuwan63@hotmail.com 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
*Revised manuscript with no changes marked
Click here to view linked References
 2 
ABSTRACT: Microsatellite instability (MSI) analysis, random-amplified 28 
polymorphic DNA (RAPD), and methylation-sensitive arbitrarily primed PCR 29 
(MSAP-PCR) are methods to evaluate the toxicity of environmental pollutants 30 
in stress-treated plants and human cancer cells. Here, we evaluate these 31 
techniques to screen for genetic and epigenetic alterations of Arabidopsis 32 
plantlets exposed to 0-5.0 mg·L-1  cadmium (Cd) for 15 d. There was a 33 
substantial increase in RAPD polymorphism of 24.5, and in genomic 34 
methylation polymorphism of 30.5-34.5 at CpG and of 14.5-20 at CHG 35 
sites  under Cd stress of 5.0 mg·L-1 by RAPD and of 0.25-5.0 mg·L-1 by 36 
MSAP-PCR, respectively. However, only a  tiny increase of 1.5 loci by RAPD 37 
occurred under Cd stress of 4.0 mg·L-1, and an additional high dose (8.0 38 
mg·L-1) resulted in one repeat by MSI analysis. MSAP-PCR detected the most 39 
significant epigenetic modifications in plantlets exposed to Cd stress, and the 40 
patterns of hypermethylation and polymorphisms were consistent with inverted 41 
U-shaped dose responses. The presence of genomic methylation 42 
polymorphism in Cd-treated seedlings, prior to the onset of RAPD 43 
polymorphism, MSI and obvious growth effects, suggests that these altered 44 
DNA methylation loci are the most sensitive biomarkers for early diagnosis and 45 
risk assessment of genotoxic effects of Cd pollution in ecotoxicology. 46 
 47 
Keywords: Microsatellite instability, Random-amplified polymorphic DNA, 48 
Methylation-sensitive arbitrarily primed PCR, Cadmium, Arabidopsis thaliana 49 
 50 
1. Introduction 51 
 52 
Environmental contamination with heavy metals has increased 53 
substantially over the past decades, which has aroused attention from 54 
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numerous researchers responsible for contamination diagnosis, environmental 55 
protection and ecological remediation. Cd, as one of the most highly toxic and 56 
accumulative heavy metals, has contaminated soils and water through 57 
atmospheric deposition, urban-industrial activities and agricultural practices 58 
(Sun et al., 2008; Liu et al., 2011). Thus, the exploration of Cd toxicity, 59 
especially its genotoxic effects, has become a focus in ecotoxicology research 60 
(Herbette et al., 2006; Azevedo et al., 2007; Greco et al., 2012; Pierron et al., 61 
2014).  62 
Several classic assays have been applied to examine the genotoxic 63 
effects of heavy metals on organisms, e.g. the micronucleus assay and the 64 
comet assay. However, neither is sensitive enough to determine the Cd 65 
contamination level or able to provide information at the DNA level (Cambier et 66 
al., 2010). With the rapid development of molecular biology, several 67 
PCR-based techniques have been used to evaluate DNA damage in toxicology 68 
studies. Random-amplified polymorphic DNA (RAPD) comprises a single 69 
“arbitrary” primer in a PCR reaction and results in the amplification of several 70 
discrete DNA products (Welsh and McClelland, 1990; Williams et al., 1990). 71 
RAPD has been used extensively in eco-toxicology studies on animals and 72 
humans (Misra et al., 2001; Singh and Roy, 2001,2004; Garnis et al., 2005). 73 
Recently, RAPD has been used in plant eco-toxicology studies, detecting 74 
genetic variation and mutation induced by stresses (Miki et al., 2001; Liu et al., 75 
2005; 2007; Chao et al., 2008; 2009; 2012; Gjorgieva et al., 2013; Malar et al., 76 
2014). RAPD analysis is extremely efficient for DNA analysis in complex 77 
genomes. Its use in investigating genomic DNA to detect different kinds of DNA 78 
damage and mutations suggests that RAPD can potentially form the basis of 79 
novel biomarker assays for the detection of DNA damage and mutations 80 
(Lopez-Moreno et al., 2010; Korpe and Aras, 2011). 81 
Regarding DNA repair, Cd suppresses both eukaryotic MutS homolog 82 
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MSH2-MSH6- and MSH2-MSH3-dependent mismatch repair (MMR) activity 83 
through a nonspecific mechanism whereby Cd binds to multiple sites in MSH6 84 
(Banerjee and Flores-Rozas, 2005; Wieland et al., 2009; Li et al., 2013). Loss 85 
or low activity of MMR proteins results in losses and gains of dinucleotide 86 
repeats in microsatellites, also known as simple sequence repeats (SSRs), 87 
leading to microsatellite instability (MSI). Previously, MSI was found at two 88 
“hotspots” of microsatellite mutation in mice by analysis of a panel of 89 
microsatellite markers under Cd stress (Oliveira et al., 2012; Du et al., 2014). 90 
Also, SSRs mutations canbe promoted by heavy metals, e.g. Lead, Chromium 91 
and Cd (Rodriguez et al., 2013a; Rodriguez et al., 2013b; Du et al., 2014). 92 
Monteiro et al. (Monteiro et al., 2009) demonstrated that SSR analyses could 93 
be used to evaluate plant genomic DNA instability for deciphering DNA 94 
damage induced by Cd in a genotoxicity test. Thus, MSI can be considered as 95 
a biomarker of high risk for human cancer and for the assessment of different 96 
genotoxic effects of pollutants on plants (Kovalchuk et al., 2000; Soreide et al., 97 
2006). However, little information is available about microsatellite mutations in 98 
Arabidopsis under Cd stress. 99 
Higher plants can rapidly adapt in response to stress, but this can lead to 100 
genome instability and changes in DNA methylation patterns throughout the 101 
genome and at specific loci of DNA (Boyko et al., 2010; Chatterjee and Vinson, 102 
2012). For example, plants employ important and sophisticated epigenetic 103 
regulatory strategies, such as DNA methylation, to maintain genomic plasticity. 104 
This allows the simultaneous regulation of many genes involved in plant 105 
defense and in facilitating relatively rapid adaptation to new internal and 106 
environmental stress conditions without changes in DNA sequence (Steward et 107 
al., 2002; Santoyo et al., 2011). The genomic DNA hypermethylation pattern is 108 
correlated with water deficit in pea (Pisum sativum L.), pathogen stress in 109 
tobacco (Nicotiana tabacum), radioactive contamination in Pinus silvestris, salt, 110 
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UVC, cold, heat and flood stresses in Arabidopsis, and chromium stress in 111 
Brassica napus (Labra et al., 2002; Kovalchuk et al., 2003; Labra et al., 2004; 112 
Boyko et al., 2007; Mason et al., 2008). Also, DNA hypomethylation at several 113 
genomic loci occurred in response to heavy metal stress in hemp and clover, to 114 
pathogen stress in tobacco (Nicotiana tabacum), and to cold treatment in 115 
nucleosome core regions of maize (Zea mays) seedlings (Steward et al., 2002; 116 
Aina et al., 2004; Boyko et al., 2007). Potentially, global DNA hypomethylation 117 
is often viewed as a sign of genomic instability, which manifests as gross 118 
chromosomal aberrations, genome rearrangement, MSI, deletions/insertions, 119 
and point mutations, thus facilitating gene divergence and evolution of novel 120 
gene functions (Boyko et al., 2007; Duan et al., 2013; Harris et al., 2013).  121 
Huang et al. (Huang et al., 2012) reported that tumor cells usually exhibit 122 
diverse patterns of DNA methylation, and that the CpG dinucleotide at any 123 
given site of genomic DNA might differ in methylation status among 124 
subpopulations of tumor cells, reflecting the heterogeneity and decreased 125 
epigenetic fidelity of cancer cells. Thus, CpG dinucleotides are also called 126 
methylation variable positions (MVPs) in epigenetic studies. Analysis of MVP 127 
profiles might reveal stress-specific methylation patterns, and the methylation 128 
frequency at any given MVPs could serve as a novel epigenetic biomarker for 129 
physiological and pathologic status (Huang et al., 2012; Kit et al., 2012). 130 
Moreover, minimal traces/differences of aberrant methylation profiles in blood 131 
DNA could serve as early surrogate biomarkers for cancer diagnosis and for 132 
risk assessment of PAHs exposure, respectively (Yang et al., 2012; Shin et al., 133 
2013). Similarly, global DNA methylation in earthworms is apparently affected 134 
by the overall effect of metals/metalloids undergoing methylation and this 135 
parameter might be a candidate biomarker of epigenetic risks related to the 136 
presence of the metal elements in terrestrial environments (Santoyo et al., 137 
2011). 138 
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Arabidopsis, with its vast resource of mutants, has long been used as a 139 
model dicotyledonous higher plant for studies of plant physiology and plant 140 
molecular biology. However, little information is available about potential 141 
associations between the status of global DNA methylation and genomic 142 
instability such as MSI and RAPD DNA polymorphisms in Arabidopsis 143 
seedlings under Cd stress. Therefore, the principal aims of this work were to (1) 144 
evaluate the extent of genomic instability using a panel of 36 microsatellite 145 
markers and 3 RAPD primers; (2) determine the status of global DNA 146 
methylation by MSAP-PCR under Cd stress; (3) explore potential associations 147 
between the actual status of global DNA methylation and genomic instability 148 
such as MSI and RAPD DNA polymorphisms in Arabidopsis under Cd stress. 149 
In-so-doing, we were able to evaluate the aforementioned parameters as 150 
candidate biomarkers for early diagnosis of genetic and epigenetic risks 151 
related to the presence of Cd in the soil and water environment. 152 
2. Materials and methods 153 
2.1 Plant materials, treatment conditions and DNA isolation 154 
Arabidopsis thaliana seeds (Arabidopsis, Columbia ecotype) were 155 
sterilized in dilute bleach solution (bleach with surfactant diluted 1:10 with 156 
water) for 5 min, washed in sterile water and placed in an ethanol mix (ethanol : 157 
water : bleach 7:2:1) for 5 min. Seeds were then rinsed in sterile distilled water 158 
five times and placed in 4 °C for 24-36 h. 159 
Seeds were sown in sterile flasks supplemented with 150 mL 0.5× liquid 160 
MS medium (SIGMA, USA) including 0.5% (w/v) sucrose (pH5.8), 161 
supplemented with Cd at a final concentration of 0 (the control), 0.25, 1.0, 4.0, 162 
5.0, and 8.0 mg·L-1 (only used in MSI analysis) in the form of CdCl2·2H2O of 163 
analytical grade with purity 99.5%, PR China. Each flask with about 20 164 
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plantlets was placed on a rotary shaker at 50 rpm in an incubator (12 h light of 165 
approximately 3000 lx and 12 h dark at 21 ±0.5 °C) for 15 d. All treatments 166 
and analyses were repeated in three independent replicates. 167 
The seed germination rate and growth of the plantlets were measured at 168 
15 d following germination, and then pooled to measure DNA content in 169 
Arabidopsis shoots described in a previous study (Liu et al., 2009). 170 
For MSI, RAPD, and DNA methylation assays, all DNA extractions and 171 
downstream applications were performed on mixed groups using the same 172 
batches of reagents. In addition, the control and Cd-exposed samples were 173 
collected at 15 d of incubation, and snap frozen in liquid nitrogen prior to 174 
storage at -70 ˚C. Genomic DNA from approximately 200-400 mg of fresh 175 
Arabidopsis shoots was extracted respectively using Plant Genomic DNA 176 
Extraction Kit. DNA concentration was examined by Eppendorf Biophotometor 177 
Plus, and then verified by DL2000 DNA marker in a 0.8% agarose gel. All 178 
experimental chemicals were ordered from TaKaRa Biotechnology Ltd. (Dalian, 179 
PR China) unless otherwise mentioned. 180 
2.2 MSI Analysis 181 
46 pairs of SSR primers (Table A.1) were screened in this test for finding 182 
genomic DNA MSI induced by Cd. PCRs were performed in a final volume of 183 
25 μL consisting of 25 ng DNA template, 1 U of Taq polymerase, 1× Taq 184 
reaction buffer, 0.2 mM dNTPs, and 0.25 μM of each primer. The touchdown 185 
PCR conditions used for amplification were as follows: initial denaturation at 186 
94°C for 5 min; 9 cycles of denaturation at 94°C for 30 s, annealing at 57°C for 187 
30 s and primer extension for 30 s; the annealing temperature was 188 
subsequently decreased by 0.5°C every second cycle until a ‘touchdown’ at 189 
53°C, at which temperature 26 additional cycles followed (35 cycles in total). 190 
After the PCR reaction, amplification products were examined using 8% (w/v) 191 
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polyacrylamide gel electrophoresis (PAGE) with 7 M urea, visualized by silver 192 
staining method using the Bio Image Analyzer System (Bio-Rad, Vendor, Italy). 193 
To assess MSI, we compared the band pattern produced after gel 194 
electrophoresis of paired PCR reactions containing the control and Cd-treated 195 
DNA. If the control and Cd-treated PCR amplification products displayed 196 
different electrophoretic motilities, the case was scored as positive for MSI. 197 
2.3 RAPD genetic damage screening 198 
RAPD analysis was performed using 3 primers (Primers 1, 2 and 4) 199 
screened from 12 random primers (Liu et al., 2005). PCRs were performed in 200 
reaction mixtures of 25 μL containing approximately 40 ng of DNA template, 201 
0.5 μM primer, 0.2 mM dNTPs, 1× reaction buffer and 1 U of Taq DNA 202 
polymerase. The RAPD protocol consisted of an initial denaturing step of 5 min 203 
at 94 °C, followed by 35 cycles of denaturation at 94 °C for 60 s, annealing at 204 
38 °C for 60 s and extension at 72 °C for 90 s, with an additional extension 205 
period of 10 min at 72 °C. PCR products were separated by electrophoresis in 206 
a 5% PAGE (50% urea). Gels were stained using silver nitrate. Images were 207 
digitally captured and the intensity of bands on the gel quantified using Image 208 
Lab (Bio-Rad). 209 
2.4 Global DNA methylation assay using MSAP-PCR 210 
Global DNA methylation was evaluated by methylation-sensitive arbitrarily 211 
primed PCR (MSAP-PCR). Genomic DNA (1 μg) was digested in CutSmart 212 
buffer with 1μL of HpaII or MspI (NEB, USA) in a 50-μL reaction volume for 1.5 213 
h at 37°C. Digested DNA was purified and collected by Takara MiniBest DNA 214 
Fragment Purification Kit, then was transferred to another 50-μL reaction 215 
containing 1 × EcoRI buffer and 1μL EcoRI, digested for 1.5 h at 37°C. After 216 
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purification, digested DNA was used for subsequent PCR reaction performed 217 
as previously published (Gonzalgo et al., 1997). HpaII does not cut DNA if the 218 
internal cytosine of CCGG restriction site is methylated and therefore the 219 
bands generated in the PCR of DNA digested by EcoRI + HpaII lane are 220 
methylated at the internal cytosine. MspI is unable to cut DNA when the 221 
external cytosine in CCGG site is methylated and so the bands generated in 222 
the PCR of DNA digested by EcoRI + MspI are methylated at the external 223 
cytosine. Three primers designed by our lab and MLG2 (Gonzalgo et al., 1997) 224 
were used for methylation assay (Table A.2). PCR products were resolved on 225 
5% PAGE with 50% urea. Methods of gel staining and image capture were the 226 
same as the above. An increase in band intensity indicates an increase in 227 
methylation. Band intensity was measured to numerically determine the 228 
change in DNA methylation.  229 
2.5 Statistical analyses 230 
Polymorphism frequency of RAPD and MSAP-PCR was calculated from 231 
PAGE results and analyzed in linear graphs using Microsoft Excel. Presence 232 
or absence of a band was counted as one locus in polymorphism frequency, 233 
while a band was calculated as 0.5 locus if its intensity changed ≥ 50% 234 
compared to the control. The stable polymorphism variation was calculated for 235 
data statistics exclusively if it occurred simultaneously in at least two 236 
replications, leading to data without variance. 237 
3. Results 238 
3.1 MSI assay using SSRs 239 
MSI was not detected in plantlets exposed to the control and 0.25-5.0 240 
mg·L-1 Cd for 15 d by a panel of 46 SSR primers. However, under an additional 241 
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treatment of 8.0 mg·L-1 Cd, replication slipping of one repeat (about 2-3 bp) 242 
was found using SSR primers of BSAT1.001 and BSAT2.012 (Fig. 1). 243 
Moreover, the above replication slipping of three duplicates did appear in 244 
shoots under Cd stress of 8 mg·L-1, suggesting that MSI occurs exclusively 245 
under such a strong stress that inhibited Arabidopsis growth (Fig. A.1). 246 
 247 
Fig. 1 MSI in Arabidopsis seedlings exposed to 0-8.0 mg·L-1 Cd for 15 d. 248 
(A) PAGE profiles amplified by primer BSAT1.001, and (B) by BSAT2.012, in 249 
which lanes (1) - (6) are PCR fragments amplified from the DNA templates of 250 
Arabidopsis shoots exposed to 0, 0.25, 1.0, 4.0, 5.0 and 8.0 mg·L-1 Cd for 15 d, 251 
respectively. Lane (0) is Takara DNA Marker 2000 (2000, 1000, 750, 500, 250 252 
and 100 bp from top to bottom), and the same is below. 253 
 254 
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3.2 Genetic damage assay using RAPDs 255 
Fig. 2 shows RAPD profiles in Arabidopsis seedlings grown with or without 256 
Cd treatments after 15 d of exposure. In Fig. 2, each lane contains at least 10 257 
bands ranged from 300 to 3000 bp, in which bands of variable intensity 258 
detected in at least two replicates are calculated in Fig. 3. Compared with the 259 
controls, polymorphic bands were not detected in the in the 0.25 and 1.0 260 
mg·L-1 Cd treatment, for different primers. 4.0 mg·L-1 Cd induced low 261 
polymorphism whereas high polymorphism occurred at the 5.0 mg·L-1 Cd 262 
treatment. Numbers of polymorphism loci were 1.5 and 24.5 for 4.0 and 5.0 263 
mg·L-1 Cd, respectively (Fig. 3). In these cases, RAPD polymorphisms were 264 
due to the loss and/or gain of amplified bands in the treated samples 265 
compared with the control. 266 
  267 
12 
Fig. 2 RAPD fingerprints of Arabidopsis seedlings exposed to 0-5.0 268 
mg·L-1 Cd for 15 d. (A) PAGE profiles amplified by primer 1, (B) by primer 2 269 
and (C) by primer 4, in which lanes (1) - (5) are PCR fragments amplified from 270 
the DNA templates of Arabidopsis shoots exposed to 0, 0.25, 1.0, 4.0 and 5.0 271 
mg·L-1 Cd for 15 d, respectively, and lane (0) is Takara DNA Marker 2000 (100 272 
and 250 bp bands of DNA marker migrated out of the gel for high resolution). 273 
Red arrows illustrated polymorphism between plantlets exposed to 5.0 mg·L-1 274 
Cd and the control. 275 
276 
Fig. 3 Polymorphism variations detected by RAPD from Arabidopsis 277 
plantlets exposed to 0 - 5.0 mg·L-1 Cd for 15 d. 278 
279 
3.3 Methylation damage assay using MSAP-PCR 280 
Aberrations of global DNA methylation in Arabidopsis induced by Cd was 281 
evaluated by MSAP-PCR. For all treatments, reproducible bands or cytosine 282 
residues of variable intensity were evaluated (Fig. 4) and calculated in Fig. 5 283 
for methylation analysis at both internal (HpaII) and external (MspI) cytosines 284 
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of CCGG sites. At the external cytosine, Cd stress resulted in global 285 
hypermethylation in the shoot tissues relative to the controls (Fig. 5A). This 286 
hypermethylation more closely follows an inverted U-shaped dose-response to 287 
Cd. The increase was 9.5, 9.5, 14.5 and 9 loci in plantlets exposed to Cd of 288 
0.25, 1.0, 4.0 and 5.0 mg·L-1 Cd, respectively. Notably, the hypomethylation 289 
manifested an invariable status under all Cd stresses tested (Fig. 5A). 290 
At the internal cytosine, a similar trend for hypermethylation and 291 
hypomethylation under Cd stress was observed as compared to the untreated 292 
control (Fig. 5B). The numbers of hypermethylation loci were 24.5, 27.5, 26 293 
and 26 at 0.25, 1.0, 4.0 and 5.0 mg·L-1 Cd doses, respectively, which were 294 
prominently more than that at the external cytosine. Moreover, 295 
hypomethylation arose linearly albeit in a low proportion of increase (Fig. 5B). 296 
Different methylation polymorphic bands were detected at 0.25-5.0 mg·L-1 297 
Cd for different cytosines in the shoots (Fig. 5). Also, these polymorphisms 298 
indicate similar inverted U-shaped concentration response curves under Cd 299 
stress, and the inverted U-shaped curves were maximum at Cd of 1.0 and 4.0 300 
mg L-1 (Fig. 5) for the internal and external cytosines, respectively. In all cases, 301 
methylation polymorphisms were due to the loss and gain of variable intensity 302 
of reproducible amplified bands in the Cd-treated seedlings as compared to 303 
the control (Fig. 4). 304 
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 305 
Fig. 4 The representative MSAP-PCR profiles of Arabidopsis seedlings 306 
exposed to 0 - 5.0 mg·L-1 Cd for 15 d. (A) PAGE profiles amplified by primer 307 
MLG2 from DNA templates digested by EcoRI+MspI and (B) EcoRI+HpaII, in 308 
which lanes (1) - (5) are PCR fragments amplified from the DNA templates of 309 
Arabidopsis shoots exposed to 0, 0.25, 1.0, 4.0 and 5.0 mg·L-1 Cd for 15 d, 310 
respectively, and lane (0) is Takara DNA Marker 2000 (100 bp band of DNA 311 
marker migrated out of the gel for high resolution). 312 
 15 
 313 
 314 
 315 
Fig. 5 DNA methylation variations detected by MSAP-PCR from 316 
Arabidopsis plantlets exposed to 0 - 5.0 mg·L-1 Cd for 15 d. (A) Frequency 317 
of hypermethylation, hypomethylation and methylation polymorphism at 318 
external cytosine (CHG) loci and (B) internal cytosine (CPG) loci. 319 
 320 
B 
A 
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4. Discussion 321 
4.1 MSI in vivo is not a sensitive biomarker for Cd stress 322 
Cd has been responsible for proofreading and MMR deficiency that could 323 
cause genomic MSI (Jin et al., 2003; Edelbrock et al., 2013). As far as we 324 
know, SSRs was first adopted by Kovalchuk et al. (2000) as tools to assess 325 
genetic instability in the offspring of wheat plants exposed to radiation near the 326 
Chernobyl nuclear power plant. More recently, positive results of MSI have 327 
been reported in transgenic plants consisting of a modified GUS reporter 328 
whose reading frame is disrupted by microsatellite repeat sequence (Yao and 329 
Kovalchuk, 2011). Thus, MSI analysis has been considered as a biomarker to 330 
detect genetic damages in ecotoxicology. 331 
In the present study, MSI was not observed for the Arabidopsis seedlings 332 
exposed to Cd stress of 0.25-5.0 mg·L-1 for 15 d, although shoots and roots in 333 
the seedlings manifested significant inhibitory symptoms in response to Cd at 334 
5.0 mg·L-1 (Fig. A.1). However, MSI was observed exclusively in seedlings 335 
exposed to 8.0 mg·L-1 Cd, with the replication slipping of one repeat detected 336 
by two SSRs (Fig. 2). According to a previous study (Monteiro et al., 2009), 337 
MSI was plant tissue- and exposure time-dependent under Cd stress. In our 338 
work, only shoots were studied because of their ease of handling and being 339 
representative for the toxicity of the whole plant in contamination diagnosis. 340 
Moreover, to further increase the toxicity, seedlings were exposed to Cd of 341 
additional low doses of 0.25 and 1.0 mg·L-1 for 21 d. They were assayed by 342 
two SSRs of BSAT1.001 and BSAT2.012, however, MSI remained negative 343 
(Fig. 1).    344 
In oncology studies, MSI due to MMR deficiency is a biomarker of various 345 
cancers (Sardi et al., 2001; Vilar et al., 2014), because cancers and tumors 346 
 17 
attach to severe cellular damage, eventually leading to cell death. However in 347 
our work, Arabidopsis could still survive under Cd stress of 0.25-5.0 mg·L-1 348 
(Fig. A.1), suggesting that repair of insertion/deletion loops induced by Cd has 349 
been performed by DNA MMR proteins MLH1, MSH2, MSH3, MSH6, PMS1 350 
and PMS2. More importantly, according to recent work (Yao and Kovalchuk, 351 
2011), positive results of MSI were induced by relatively severe stress in 352 
transgenic plants which might be more sensitive in MSI because of its 353 
exogenous SSR. All the above results imply that MSI is not a sufficiently 354 
sensitive biomarker in ecotoxicology studies. 355 
4.2 DNA damage assayed by RAPD analysis is more 356 
sensitive than by MSI  357 
In ecotoxicology, genomic DNA damage such as DNA adducts, breakage, 358 
insertion/deletion and base substitution can be detected by RAPD technique, 359 
and is widely used in genotoxicity research (Liu et al., 2009; Liu et al., 2012; 360 
Ladhar et al., 2014). In our study, alterations in Arabidopsis genomic DNA 361 
induced by Cd were assayed by RAPD profiles through three from 12 arbitrary 362 
primers screened. Prominent increase was observed at 5.0 mg·L-1 Cd  and 363 
slight elevation at 4.0 mg·L-1 Cd treatment for 15 d (Fig. 3). Also, note that 364 
seedlings exposed to Cd of additional low doses of 0.25 and 1.0 mg·L-1 for 21 365 
d revealed a significant increase of RAPD polymorphisms (Fig. A.2), where 366 
MSI remained negative. This suggests that RAPD polymorphism is more 367 
sensitive to Cd stress than MSI as a biomarker.  368 
MSI is a consequence of MMR deficiency and can not be induced by 369 
stresses straightforwardly (Clark and Kunkel, 2004; Wieland et al., 2009). To 370 
our knowledge, MMR contains several proteins involved in recognition and 371 
repair of DNA damage, and can regulate G2/M checkpoints during the cell 372 
cycle, which can allow cells to overcome replication errors before entering 373 
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mitosis (Campregher et al., 2008). Thus, MSI induced by stresses would be 374 
repaired by DNA MMR proteins before cell proliferation and would not be 375 
predicted to occur in Arabidopsis seedlings exposed to 0.25-5.0 mg·L-1 Cd. 376 
However, replication slipping errors can’t be repaired when the entire MMR 377 
system is fatally paralyzed, indeed, MSI did appear in Arabidopsis seedlings 378 
exposed to 8.0 mg·L-1 Cd (Fig. 1).  379 
DNA adducts can be replicated and transmitted to next generation of cells 380 
through translesion replication, escaping surveillance and repair systems 381 
(Zang et al., 2005). Under the stresses, DNA polymerases during the 382 
translesion synthesis processes are forced to encounter multiple types of 383 
damaged DNA, and can proceed to replicate modified DNA during the cell 384 
cycle. Also, cells evolve the translesion synthesis processes to tolerate 385 
genomic lesions by error-free or error-prone repair. Moreover, error-prone 386 
repair could pass the errors to the next generation of cells by cell proliferation. 387 
This is a type of emergency system used to maintain cells, while severe DNA 388 
damage blocks the cell cycle, leading to cell cycle arrest or apoptosis/death 389 
[58]. Additionally, RAPD technique can detect temporary DNA damage and 390 
mutations caused by DNA adducts that could override normal DNA replication 391 
and concurrently pass through translesion replication (Liu et al., 2005). This 392 
might explain why RAPD polymorphism is much more sensitive than MSI in 393 
the present study, and MSI in Arabidopsis was detected only at the very high 394 
dose of 8.0 mg·L-1 Cd (Fig.s 1 and 3).  395 
 396 
4.3 Aberrations in DNA methylation by MSAP-PCR are the 397 
optimum biomarkers in ecotoxicology.  398 
Plants employ epigenetic regulatory strategies, such as DNA methylation, 399 
to maintain genomic plasticity, allowing the simultaneous regulation of  400 
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expression of many genes involved in plant defense and in facilitating rapid 401 
adaptation to new stress conditions without changing the DNA sequence 402 
(Steward et al., 2002; Santoyo et al., 2011). Herein, our results indicate that Cd 403 
stress does affect patterns of genomic DNA methylation in Arabidopsis shoots 404 
(Fig. 5). Although the accurate timing and role of the internal and external 405 
cytosines in the CCGG restriction sites remains unresolved, data in Fig. 5 406 
indicate that differential methylation patterns of different cytosines in the 407 
CCGG sites in the genomic DNA are affected by Cd at 0.25-5.0 mg·L-1. The 408 
hypermethylation more closely follows an inverted U-shaped dose-response to 409 
Cd, and the inverted U-shaped curves were maximum at Cd of 1.0 and 4.0 mg 410 
L-1 (Fig.s 4-5) for the internal and external cytosines of CCGG sites, 411 
respectively. Moreover, the hypermethylations were more prominent at the 412 
internal cytosine than that at the external cytosine. Also, hypomethylation was 413 
elevated albeit in a low proportion of increase at both external and internal 414 
cytosines (Fig. 5). A similar trend was reported for other plant and animal 415 
species (Aypar et al., 2011; Fulnecek and Kovarik, 2014). Hypomethylation 416 
may increase the susceptibility of chromosomes to breakage, and 417 
hypermethylaiton may also cause chromosomal instability by inhibiting cell 418 
cycle-dependent checkpoint controls, with deleterious effects on the cells 419 
(Kovalchuk et al., 2001). Importantly, stress-induced change itself might be 420 
more important than the direction of change, since any aberrations in DNA 421 
methylation is considered detrimental to the cells (Aypar et al., 2011). Thereby, 422 
modified patterns of global DNA methylation probably can be applied as a 423 
potential biomarker for biomonitoring Cd exposure. 424 
Global DNA methylation modifications are immediately initiated and 425 
proceed rapidly in plant cells in response to stress through signal transduction, 426 
leading to fast epigenetic changes (Steward et al., 2002; Santoyo et al., 2011). 427 
The mechanisms for DNA methylation effects by Cd have not been fully 428 
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elucidated. Nonetheless, emerging evidence shows that the major cause for 429 
altered methylation is due to changes in methyltransferase activities and in 430 
coordinated expression of the chromatin-related genes known to be 431 
responsible for faithful maintenance of the various methylation patterns in 432 
plants (Ou et al., 2012). For example, Greco et al. (Greco et al., 2012) reported 433 
that Cd increased levels of chromomethylase (CMT) activities and elicited 434 
concomitant increases in global genomic DNA methylation, together with an 435 
enhanced heterochromatic nuclear fraction in Posidonia oceanica. 436 
Alternatively, Cd can interfere with the activity of DNA methyltransferases 437 
through overproduction of reactive oxygen species (ROS), and oxidative DNA 438 
damage could subsequently lead to an altered DNA methylation profile and 439 
subsequent alterations in gene expression, and/or siRNAs/RdDM and 440 
ROS1/DME (Mirbahai and Chipman, 2014). In the current study (Fig. 5), the 441 
aberrant changes of global DNA methylation we detected in Cd-treated 442 
seedlings could be the consequences of siRNAs/RdDM and CMT/DNMTs 443 
aberrant expression resulting from exposure to Cd for 15 d. 444 
Increasingly, biomarkers are used as an integrative measurement at the 445 
sub-organism level to indicate stress status before damage to the biota arises 446 
(Kit et al., 2012). Epigenetic biomarkers may be indicators for early diagnosis 447 
or risk assessment of human diseases, pollutant exposure and impact (Huang 448 
et al., 2012; Kit et al., 2012). Recently, DNA methylation-based biomarkers 449 
have been proven to be more specific and sensitive than commonly used 450 
protein biomarkers, which could clearly justify their use in clinics (Kit et al., 451 
2012). For example, emerging evidence shows that minimal traces of aberrant 452 
methylation profiles in blood DNA could serve as early surrogate biomarkers 453 
for cancer diagnosis and for risk assessment of PAHs exposure, respectively 454 
(Yang et al., 2012; Shin et al., 2013), supporting the notion that these 455 
methylation changes are the initial step that triggers various genetic events in 456 
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these tumors (Kit et al., 2012). In another study, DNA methylation was 457 
previously introduced as an interface between the genome and environment, 458 
providing partial mechanistic explanations for the sensitivity of organisms to 459 
environmental stresses. Moreover, DNA methylation’s persistence can usefully 460 
reflect the status of the environment in which organisms reside (Mirbahai and 461 
Chipman, 2014). In our study, DNA methylation polymorphism is much higher 462 
than RAPD loci and MSI in seedlings exposed to Cd stress of 0.25-5.0 mg·L-1 463 
and the effects are dose-related, whereas DNA polymorphism using RAPD 464 
and MSI analyses is observed exclusively at doses of 4.0-5.0 mg·L-1 and 8.0 465 
mg·L-1 Cd, respectively (Fig.s 1-5). These results provide evidence that 466 
epigenetic biomarker, such as DNA methylation polymorphism in seedlings, 467 
could be a more sensitive biomarker for Cd exposure than RAPD 468 
polymorphism and MSI. 469 
In the field of ecotoxicology, advances in DNA methylation analysis have 470 
led to the recognition that aberrant DNA methylation status is potentially an 471 
early, rapid and sensitive molecular biomarker indicative of pollutant exposure 472 
and impact. MSAP-PCR is the most widely used method for screening 473 
aberrant DNA methylation in cells, and this approach has several advantages: 474 
more precision/accuracy, sensitivity, and reproducibility, and easier to carry out 475 
than traditional MSAP (Aypar et al., 2011; Fulnecek and Kovarik, 2014; Pierron 476 
et al., 2014). Moreover, MSAP-PCR is becoming a routine procedure in 477 
laboratories. We anticipate a broad application of the described technology in 478 
future studies on aberrations of DNA methylation for more accurate 479 
assessment of Cd genotoxicity in other plants and for genotoxicity of other 480 
heavy metal stresses in ecotoxicology. 481 
5. Conclusions 482 
The present report defines modifications in the genomic DNA methylation 483 
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in correlation with the induction of DNA RAPD polymorphism and MSI 484 
measured in Arabidopsis seedlings exposed to Cd of 0.25-5.0 mg·L-1 for 15 d. 485 
MSI and RAPD polymorphism appeared exclusively under Cd stress of 8.0 486 
mg·L-1 and of 4.0-5.0 mg·L-1, respectively. However, we show that prominent 487 
DNA methylation polymorphism occurred under Cd stress of 0.25-5.0 mg·L-1 488 
by MSAP-PCR. Furthermore, the inverted U-shaped dose-response effects of 489 
Cd stress on DNA methylation polymorphism were observed in Arabidopsis 490 
seedlings. Given that MSAP-PCR detects substantial epigenetic alterations in 491 
Arabidopsis seedlings at Cd exposure, prior to the onset of RAPD 492 
polymorphism, MSI and significant growth effects, it should be useful for 493 
environmental risk assessment. With further development, the MSAP-PCR 494 
method may also provide a more sensitive and reliable means in identification 495 
and analysis of DNA methylation modifications in the other Cd-treated plants, 496 
and become a powerful tool for early detection of genotoxic effects of other 497 
heavy-metal stresses in ecotoxicology. 498 
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Fig. 1 MSI in Arabidopsis seedlings exposed to 0-8.0 mg·L-1 Cd for 15 d. (A) PAGE 
profiles amplified by primer BSAT1.001 and (B) BSAT2.012, in which lanes (1) - (6) are 
PCR fragments amplified from the DNA templates of Arabidopsis shoots exposed to 0, 
0.25, 1.0, 4.0, 5.0 and 8.0 mg·L-1 Cd for 15 d, respectively, and lane (0) is Takara DNA 
Marker 2000. 
 
Figure
 Fig. 2 RAPD fingerprints of Arabidopsis seedlings exposed to 0-5.0 mg·L-1 Cd for 15 
d. (A) PAGE profiles amplified by primer 1, (B) by primer 2 and (C) by primer 4, in which 
lanes (1) - (5) are PCR fragments amplified from the DNA templates of Arabidopsis shoots 
exposed to 0, 0.25, 1.0, 4.0 and 5.0 mg·L-1 Cd for 15 d, respectively, and lane (0) is Takara 
DNA Marker 2000 (100 and 250 bp bands of DNA marker migrated out of the gel for high 
resolution). 
 Fig. 3 Polymorphism variations detected by RAPD from Arabidopsis plantlets 
exposed to 0-5.0 mg·L-1 Cd for 15 d. 
 
 Fig. 4 The representative MSAP-PCR profiles of Arabidopsis seedlings exposed to 
0-5.0 mg·L-1 Cd for 15 d. (A) PAGE profiles amplified by primer MLG2 from DNA 
templates digested by EcoRI+MspI and (B) EcoRI+HpaII, in which lanes (1) - (5) are PCR 
fragments amplified from the DNA templates of Arabidopsis shoots exposed to 0, 0.25, 1.0, 
4.0 and 5.0 mg·L-1 Cd for 15 d, respectively, and lane (0) is Takara DNA Marker 2000 (100 
bp band of DNA marker migrated out of the gel for high resolution). 
 
 
 
Fig. 5 DNA methylation variations detected by MSAP-PCR from Arabidopsis 
plantlets exposed to 0 - 5.0 mg·L-1 Cd for 15 d. (A) Frequency of hypermethylation, 
hypomethylation and methylation polymorphism at external cytosine (CHG) loci and (B) 
internal cytosine (CPG) loci. 
B 
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